Objective: Mechanisms of right ventricular (RV) adaptation to chronic pressure overload are not well understood. We hypothesized that a lower capillary density (CD) to stroke work ratio would be associated with more fibrosis and RV maladaptive remodeling.
Results: Although RV was similarly hypertrophied in both models, maladapted RV remodeling with impaired systolic function was only seen in chronic thromboembolic pulmonary hypertension group members who had lower CD (484 AE 99 vs 1213 AE 74 cap/mm 2 ; P < .01), lower CD to stroke work ratio (0.29 AE 0.07 vs 0.82 AE 0.16; P ¼ .02), higher myocardial fibrosis (15.4% AE 3.8% vs 8.0% AE 2.5%; P <.01), as well as a higher angiogenic and fibrosis factors expression.
Conclusions:
The RV adaptive response to chronic pressure overload differs between 2 different piglet models of PH. Mismatch between angiogenesis and workload (CD to stroke work ratio) was associated with greater degree of myocardial fibrosis and RV dysfunction and could be a promising index of RV maladaptation. Further studies are needed to understand the underlying mechanisms. (J Thorac Cardiovasc Surg 2017; 154:2070-9) Correlation between capillary density, fibrosis, and right ventricular function in 2 models of right ventricle pressure overload.
Central Message
Mismatch angiogenesis/workload was associated with greater degree of right ventricular dysfunction in animal models. The capillary density to stroke work ratio could be a promising index to assess right ventricular adaptation to pressure overload.
Perspective
Discrepancy between the capillary density and the right ventricular stroke work may help us to understand the inability of end-stage right ventricular pulmonary hypertension to use oxygen correctly despite the metabolic shift. A major clinical implication of our study is that it offers, in a large animal model, support for therapies targeting neovascularization or angiogenesis.
See Editorial Commentary page 2080.
In the modern era, pulmonary hypertension (PH) remains a progressive and often fatal disease despite the use of targeted therapies. 1 Many studies have shown that right ventricular adaptation to pressure overload is the main determinant of survival in patients with chronic pressure overload state (CPOS). [2] [3] [4] [5] Some etiologies in PH and CPOS are known to be associated with better right ventricular adaptation and survival. For example, a
From the a recent prospective multicenter study has shown that the survival of patients with idiopathic, postembolic, or anorexigen-induced PH is 58% at 3-year follow-up 1 compared with 58% at 10-year follow-up for patients with congenital heart disease-associated PH and Eisenmenger syndrome (ES). 6 In these patients, the main cause of death remains right ventricular failure (36%). 1 Although adaptive remodeling is often contrasted with maladaptive remodeling, the mechanisms underlying this transition are not well understood. Preclinical animal models suggested that a mismatch between right ventricular hypertrophy and right ventricular angiogenesis as well as altered metabolism could induce myocardial ischemia and promote the development of right heart failure. [7] [8] [9] [10] [11] We hypothesize that a mismatch between hypertrophy and angiogenesis, and workload of the right ventricle could be associated with an impairment of right ventricular function. However, limited data are available from studies comparing right ventricular capillary density (CD) of ES and non-ES patients. In this context, we performed an experimental study using 2 different models of chronic right ventricular pressure overload in piglets. In the first model, the increase in pulmonary artery (PA) pressure was obtained using a systemic-to-pulmonary shunt (Blalock-Taussig procedure). 12 In the second model, we performed a ligation of the left PA followed by 5 embolizations of the right lower PA to increase PA pressure 13, 14 (chronic thromboembolic pulmonary hypertension [CTEPH] model). We aimed to study the right ventricle in these 2 different pig models of CPOS to determine whether mismatch between angiogenesis and workload would be associated with a greater degree of myocardial fibrosis and right ventricular dysfunction.
METHODS Experimental Study
Fifteen large white piglets were randomly allocated to 3 groups ( Figure 1 ). All animals received humane care in compliance with the Principles of Laboratory Animal Care formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and published by the National Institutes of Health (publication No. 86-23, revised 1996) and the guidelines from directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. All animals were studied at baseline and at 20-weeks' follow-up.
Approval for the study was granted by our institutional ethics review board. All animal experiments were performed under general anesthesia with the following protocol. After prophylactic cefotaxime and premedication with ketamine, induction of anesthesia was performed with 1% propofol (3 mg/kg) and cisatracurium allowing endotracheal intubation. General anesthesia was maintained with isoflurane in 21% oxygen (Clarys 2000; TAEMA, Air Liquid, Paris, France) during surgery as well as during hemodynamic and echographic assessments. At the end of the experiment, anesthesia and paralysis were interrupted and the animals were weaned from mechanical ventilation. Postoperative analgesia was provided with subcutaneous nalbuphine as required for 4 days. Animals were killed at the end of the last experiment by administration of a lethal dose of sodium thiopental followed by exsanguination.
Induction of CPOS. CPOS was induced either by a systemic-topulmonary shunt 12 (shunt group, n ¼ 5) or by a progressive obstruction of the pulmonary vascular bed (CTEPH group, n ¼ 5). These 2 CPOS groups were compared with sham-operated animals (sham group, n ¼ 5).
Shunt model. In shunted animals, a modified Blalock-Taussig procedure was performed by left inominate artery to pulmonary trunk transposition mimicking a patent ductus arteriosus. Through a left small thoracotomy, the left inominate artery was dissected and harvested after systemic heparinization (intravenous heparin sulfate 3000 UI). Using this vascular autograft (10 mm diameter), we performed a bypass between the thoracic aorta (usually the aortic arch) and the pulmonary trunk. The patency of the shunt was assessed by Doppler ultrasound intraoperatively, and by auscultation (thrill) or by echocardiography during the postoperative period. This procedure achieves an extracardiac systemic-to-pulmonary shunt without right ventricular volume overload, because the pulmonary valve is competent. The overflow in the pulmonary vascular bed induces remodeling of the small PAs and led to an increase of pulmonary pressures and resistances after 12 weeks. 15 CTEPH model. The CTEPH model is described elsewhere. 13, 14 Briefly, CPOS was induced after ligation of the left PA and weekly embolization of the right lower lobe PA with n-butyl-2-cyanoacrylate (Histoacryl; B. Braun Medical S.A., Diegem, Belgium) during 5 weeks to progressively occlude the pulmonary vascular bed. Pulmonary pressures increase progressively and the model is mature after 6 to 7 weeks of evolution.
Right heart hemodynamic assessment. Mean systemic blood pressure, heart rate, and peripheral oxygen saturation were monitored during the procedures. In addition, right heart catheterization was performed percutaneously via the right internal jugular vein using a Swan- Ganz probe. Mean PA pressure (mPAP), pulmonary capillary wedge pressure, central venous pressure, cardiac output, and mixed venous saturation were recorded. Body surface area, cardiac index, and total pulmonary vascular resistances (mPAP/cardiac output) were calculated. Because the aortopulmonary shunt may interfere with the thermodilution method, pulmonary hemodynamic parameters have been measured after shunt closure (percutaneous balloon inflation). In the shunt group animals, the ratio of the systemic-to-pulmonary flow was determined with the Fick method as previously described. [16] [17] [18] Pressure-volume loops of the right ventricle were assessed by the conductance catheter technique. 19 Right ventricular elastance (Ees) and right ventricular stroke work (SW) were recorded and pulmonary arterial elastance (Ea) (Ea ¼ mPAP/right ventricle stroke volume) was calculated. Right ventricle-PA coupling was calculated as the ratio of Ees to Ea to assess right ventricular adaptation to pressure overload. 20 Echocardiography. Transthoracic echocardiography was performed with a Vivid E9 General Electric System echograph (General Electric Company, Fairfield, Conn) at baseline and after 20 weeks. For all animals, we measured the right ventricular basal diastolic diameter, the right ventricular diastolic and systolic area, the end-diastolic right ventricle free wall thickness, the right ventricular fractional area change (RVFAC), the tricuspid annular plane systolic excursion, and the right ventricular myocardial performance index. 21, 22 Histology and immunohistochemistry. Histologic study.
After hemodynamic and echocardiographic assessments, animals were killed and heart-lung blocs were harvested after an ice-cold hyperkalemic crystalloid cardioplegia. The Fulton ratio (right ventricle weight/[left ventricular þ septum weight]) was calculated.
Tissue samples from the right ventricle were fixed overnight in 4% formalin and embedded in paraffin and 3-mm sections were stained with hematoxylin-eosin and red sirius stain. Slides were examined at 3 400 total magnification and analyzed by 2 independent investigators. Right ventricular myocardial hypertrophy was assessed by measuring the short axis diameter of 40 randomly chosen cardiomyocytes per field with 10 fields per animal. Fibrosis assessment. Right ventricular myocardial fibrosis was automatically quantified using ImageJ version 1.4 software (available at: http://www.imagej.net) from 10 fields per red sirius staining slide. As previously described, we calculated the ratio between fibrosis and the total amount of tissue assessed by determining the total tissue areas occupied by cardiomyocytes and collagen, excluding the lumen (ie, empty spaces), as well as excluding annotations of perivascular fibrosis. 23 Real-time quantification by polymerase chain reaction.
Total RNA extraction was performed using the Qiagen Tissue Lyser (Qiagen, Hilden, Germany) and the phenol-chloroform method. Reverse transcription was performed using 1 mg RNA with the Quantitect Reverse Transcription Kit (Qiagen) according to the manufacturer's instructions. Expression of vascular endothelium growth factor (VEGF) type a (VEGF-A), VEGF receptor type 1 and VEFG receptor type 2 (VEGFR-2) were analyzed with specific TaqMan (Applied Biosystems, Foster City, Calif) probe VEGF-A (Ss: 03393993_m1), VEGFR receptor type 1 (Ss: 03375679_u1), VEGR receptor type 2 (Ss: 03375683_1), hypoxia-inducible factor 1a (HIF-1a) (Ss: 03390447_m1), and tissue growth factor type b (Ss: 03382325_u1). Relative quantification was achieved with the comparative 2
ÀDDCt method by normalization with the 18 S RNA.
Western blot. Protein extracts (100 mg) were resolved on 4% to 15% sodium dodecyl sulfate polyacrylamide gel and electrotransferred to nitrocellulose membranes (Biorad; Marnes la Coquette, France). After blocking with 5% body surface area in 0.1% polysorbate-tris buffered saline (tris-hydrochloric acid [pH 8 .0] and sodium chloride 150 mM), membranes were incubated with anti-Hif-1a monoclonal antibody (1:250; purified mouse antihuman Hif-1a, NS 610959; BD Bioscience, Franklin Lakes, NJ) and rabbit anti-VEGF-A polyclonal antibody (1:250; FIGURE 1. Study design. CTEPH, Chronic thromboembolic pulmonary hypertension.
VEGF 147: sc-507; Santa Cruz Biotechnology, Santa Cruz, Calif). After incubation with secondary horse antimouse antibody (1:5000) immunoreactive bands were detected using chemiluminescence with Biorad Kit in a Chemidoc (Biorad) machine. Relative quantification was performed by normalization with glyceraldehyde 3-phosphate dehydrogenase.
Statistical Analysis
The number of animals required was determined to obtain a difference of mPAP of 30% between models and sham. Eighteen piglets were necessary to obtain 5 animals in the 3 groups (16% of mortality). All data were expressed as mean values AE standard deviation. For histology, average values for each parameter in each animal were calculated. The Kolmogorov-Smirnov test was applied to test for normality of the distribution of each variable. After 20 weeks, the 3 groups were compared by 1-way analysis of variance, including post hoc analysis by Bonferroni posttest adjustment. Relationships between CD or fibrosis and right ventricle-PA coupling or with noninvasive index of right ventricular function were approached using linear regression and Pearson correlation. Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, Calif) and SPSS version 22.0 for Mac (IBM-SPSS Inc, Armonk, NY).
RESULTS

Animal Study
Fifteen 1-month-old large white male piglets were studied at baseline and after 20 weeks. At baseline, weight (18.8 AE 1.16 kg), body surface area, and hemodynamic characteristics were not statistically different between groups (data not shown). Hemodynamic assessment. Hemodynamic data are summarized in Table 1 . Briefly, the CTEPH and shunt groups had both chronic pulmonary pressure overload with increase of mPAP and a decrease of the mPAP to mean arterial systemic pressure ratio compared with the sham group. Twenty weeks after induction of pressure overload, mPAP was significantly elevated in the shunt and CTEPH animals (23 AE 1 mm Hg and 27 AE 1 mm Hg, respectively) compared with sham animals (15 AE 1 mm Hg; P<.01). Cardiac index and cardiac output were higher in the shunt group compared with sham and CTEPH animals. The systemic-to-pulmonary flow ratio (Fick Pressure-volume loops study revealed an increased RV SW in both CTEPH and shunt groups, whereas the RV-pulmonary artery (RV-PA) coupling was only impaired in the CTEPH group. E, Right ventricular SW was significantly increased in both CTEPH and SHUNT groups. F, Right ventricle-PA coupling is decreased only in the CTEPH group.
method, pulmonary-systemic flow ratio [Qp/Qs]) was 1.66 AE 0.25 in the shunt group. Structural remodeling of right ventricle to CPOSinduced right ventricular hypertrophy ratio in both PH models. After 20 weeks, the right ventricle was hypertrophied in both groups ( Figure 2, A and B) .
Echocardiographic middle right ventricle free wall thickness was increased in shunt (0.52 AE 0.02 cm) and CTEPH (0.66 AE 0.03 cm) groups compared with sham animals (0.41 AE 0.02 cm; P <.01). The Fulton ratio was also significantly elevated in shunt (0.40 AE 0.01) and CTEPH (0.42 AE 0.02) animals compared with sham animals FIGURE 3. Cardiomyocytes size, capillary density, and fibrosis in the right ventricle (representative sections3 400 magnification). A and B, Hematoxylineosin stained sections demonstrating that the transverse diameter of the cardiomyocytes was significantly higher in the chronic thromboembolic pulmonary hypertension (CTEPH) and shunt groups compared with the sham group (14.6 AE 0.7 mm and 14.1 AE 0.5 mm vs 9.6 AE 0.3 mm; P ¼ .0006). C and D, Capillary density quantification was calculated based on immunostaining using Von Willebrand factor antibody. Capillary density was significantly higher in the shunt group compared with the CTEPH and sham groups (1213 AE 74 cap/mm 2 vs 484 AE 99 cap/mm 2 and 657 AE 116 cap/mm 2 ; P <.01). E, Red sirius-stained sections showing that myocardial fibrosis rate automatically calculated with the described red threshold (F) was significantly higher in the CTEPH group compared with the shunt and the sham groups (14.4% AE 3.8% vs 8% AE 2.5% and 8% AE 1%; P<.01) (G). H, Capillary density was inversely correlated to fibrosis rate. RV, Right ventricle.
(0.32 AE 0.01; P ¼ .01). right ventricular hypertrophy was confirmed in optical microscopy in shunt and CTEPH animals, with an increase in transverse diameter of cardiomyocytes (14.6 AE 0.7 mm and 14.1 AE 0.5 mm) compared with sham animals (9.6 AE 0.3 mm; P < .01) (Figure 3, A and B) . According to echocardiograph findings, right ventricle enlargement was only found in the CTEPH group characterized by a higher indexed right ventricle end-diastolic area (9.7 AE 0.6 cm 2 vs 5.2 AE 0.2 cm 2 sham or 7.1 AE 1.3 shunt; P ¼ .03) and a higher right ventricle to left ventricle area ratio (Table 1) . Functional remodeling of right ventricle: Right ventricular function was maladaptive in the CTEPH group and adaptive in the shunt group. According to echocardiography, right ventricular function was impaired in the CTEPH group and remained stable in the shunt group (Figure 2) . Compared with shunt animals, CTEPH animals had a higher right ventricular myocardial performance index (0.48 AE 0.04 vs 0.30 AE 0.02; P ¼ .02), a lower RVFAC (25.0% AE 1.0% vs 49.0% AE 4.3%; P <.01) (Figure 2 , C and D), and a lower tricuspid annular plan systolic excursion (1.11 AE 0.07 vs 1.5 AE 0.09 mm; P <.01). The right ventricle diastolic area and the basal diastolic diameter were increased in the CTEPH group, demonstrating right ventricle dilatation (Table 1) .
Right ventricular SW was increased in both the CTEPH and the shunt groups compared with the sham group (Figure 2, E) . However, CTEPH animals had a great degree of altered ventriculoarterial coupling (Ea/Ees 0.71 AE 0.15 vs 1.35 AE 0.32 for shunt and 1.39 AE 0.27 for sham; P ¼ .02) (Figure 2, F) despite elevation of the Ees (not statistically significant) compared with the shunt group (Table 1) .
High CD, CD to SW ratio, and low myocardial fibrosis were associated with adaptive right ventricle remodeling. CD was higher in the shunt group compared with the CTEPH group (1213 AE 74 cap/mm 2 vs 484 AE 99 cap/mm 2 and 657 AE 116 cap/mm 2 in the sham group; P < .01) (Figure 3, C and D) . We found regularly distributed myocardial vessels in all groups. Conversely, diffuse right ventricular myocardial fibrosis was higher in the CTEPH group compared with the shunt group (15.4% AE 3.8% vs 8.0% AE 2.5% and 8.0% AE 1.0% in the sham group; P < .01) (Figure 3 , E and G). Right ventricular CD and myocardial fibrosis were inversely correlated (Figure 3,  H) . Fibrosis factors (eg, tissue growth factor type b.) were overexpressed within the myocardium of CTEPH animals. This is consistent with the observed right ventricular myocardial fibrosis enhancement in this group (Figure 4) . Despite a lower right ventricle CD in the CTEPH group, angiogenic factors (eg, VEGF and HIF-1a) were increased in the right ventricle of CTEPH animals ( Figure 4) . CTEPH animals had the lowest myocardial CD to SW ratio, which is also correlated with right ventricle-PA coupling ( Figure 5, A and B) . RVFAC and right ventricle-PA coupling were correlated to CD and inversely correlated to myocardial fibrosis ( Figure 5, C-F) .
DISCUSSION
The main finding of our study is that CD-SW mismatch is strongly associated with myocardial fibrosis and altered right ventricle-PA coupling in CPOS. Although HIF-1a and VEGF-A were upregulated in the presence of a lower a lower CD to SW ratio, this did not appear sufficient to compensate for the decreased CD (Video 1).
FIGURE 4.
A, Hypoxia-inducible factor 1a (HIF-1a) and vascular endothelial growth factor type A (VEGF-A) right ventricular protein levels as assessed by Western blot were higher in the chronic thromboembolic pulmonary hypertension (CTEPH) group compared with the sham group (P ¼ .06). B, HIF-1a, VEGF-A, and tissue growth factor type b (TGF-b) gene expressions were significantly higher in the CTEPH group compared with the shunt group (P ¼ .02, P ¼ .02, and P ¼ .01, respectively). GAPDH, Glyceraldehyde-3-phosphate dehydrogenase; U.A., units arbitrary; RV, right ventricle; UI, units international; coll, collagen III.
One of the original contributions of our study is that it validates original observations made in small animal models. The models we developed reproduce the physiology of CPOS with maladaptative remodeling (CTEPH model) and CPOS with adaptative remodeling, although at a lower degree of total pulmonary vascular resistance (shunt model). Boogard and colleagues 7 were the first to describe a decrease in CD in failing right ventricle compared with adapted right ventricle. They studied 2 different models of PH in rats: the PA banding model inducing adaptive right ventricular remodeling and hypoxia þ VEGFR blocker (Sugen, SU5416) model inducing maladaptive right ventricle remodeling. The CD was correlated to right ventricular adaptation. However, these animal models did not replicate Eisenmenger physiology. Moreover, hypoxia þ Sugen may interfere with myocardial angiogenesis. Our models did not use any antiangiogenic compound and showed different CD related to right ventricular adaptation. Our results confirmed those from Bogaard and colleagues 7 in 2 different PH animal models in that CD correlates with right ventricular adaptation. More recently, Sutendra and colleagues 8 showed, in a monocrotaline rat model, that right ventricular CD was lower in decompensated right ventricular hypertrophy rather than in compensated right ventricular hypertrophy.
Although not proven by this study, the CD-SW mismatch may contribute to myocardial perfusion defects and ischemia in a chronically overloaded right heart. Right ventricular ischemia is a recognized cause of the transition from adaptive to maladaptive right ventricular remodeling. 8, 24 Baldwa and colleagues 25 demonstrated lower right Relationships between right ventricular angiogenesis and hypertrophy pathways have been studied over the past few years. [27] [28] [29] [30] Sano and colleagues 11 showed that cardiac angiogenesis was involved in the development of adapted right ventricular hypertrophy. Despite right ventricular hypertrophy and angiogenic factors overexpression (eg, HIf-1a and VEGF), CTEPH animals did not adapt their right ventricle microcirculation as accurately as the shunt animals. Impairment of adaptive angiogenesis leads to imbalance between oxygen consumption and supply, worsening the effect of decreased coronary blood flow. 31 The mechanism of impairment of angiogenesis and transition to maladaptive right ventricular function is not known. Our hypothesis is that an impairment of angiogenesis due to uncoupling of HiF-1a and VEGF-A and glycolytic shift of the mitochondrial metabolism led to right ventricular dysfunction. In the CTEPH model, the right ventricle must increase its myocardial mass because the pulmonary pressures rise rapidly. We hypothesized that angiogenesis was not sufficient to supply the increased oxygen demand in the right ventricle, leading to myocardial ischemia and that relative right ventricular ischemia initiates the switch via HIF-1a signaling. HIF-1a may increase the activity of pyruvate dehydrogenase kinase, inhibiting the use of pyruvate for adenosine triphosphate production. 26 This, in turn, increases the rate of glycolysis and decreases production of mitochondrial reactive oxygen species. HIF1-a also stimulates angiogenesis by increasing the expression of VEGF. Some evidence suggests that an uncoupling of HIF-1a and VEGF mediated by microRNA-34a may lead to decrease of CD, and thus, increase myocardial hypoxia. 32 More recently, Wong and colleagues 33 demonstrated that the right ventricle had less mechanical efficiency and less capacity to use oxygen in advanced-stage disease (New York Heart Association functional class III compared with functional class II). Discrepancy between the CD and right ventricular SW may help us to understand the inability of the right ventricle under end-stage PH to correctly use oxygen despite the metabolic shift. In addition to myocardial malperfusion, myocardial fibrosis seemed to be associated with worse right ventricular function and maladaptive remodeling. Whether fibrosis is a consequence of chronic ischemia within the myocardium remains unknown. However, we found that CD and fibrosis were inversely correlated. A major clinical implication of our study is that it offers, in a large animal model, support for therapies targeting neovascularization or angiogenesis. Although HIF-1a or VEGF upregulation was not sufficient to compensate the right ventricle in the CTEPH model, a higher dose delivered through gene therapy, or CD34-positive cells therapy, could in the future prove helpful. We are at the very early stages of this investigation.
Limitations
The study has several limitations. First, this study could not provide a mechanistic answer for the difference in right ventricular adaptation between our 2 models of chronic pressure overload. We observed a mismatch between CD and the structural and functional remodeling of the right ventricle in the CTEPH model, but its cause remains unknown. Although we found a strong association between lower CD to SW ratio, fibrosis, and right ventricular maladaptation, we did not perform a recovery study that could demonstrate the causal relationship. We also investigated a panel of key regulating genes but did not analyze a more complex network of regulating factors. The study offers strong base for future work targeting CD in the right heart. Second, chronic pressure overload was induced in growing piglets, a process that could theoretically interfere with mechanisms of right ventricle adaptation. Because of the growth rate of swine (20 kg at basal state to 50 kg after 20 weeks) and because of the duration of the study protocol (20 weeks), we chose to use small piglets at the basal state. We aimed to study right ventricular adaptation in the face of a chronic pressure overload regimen. We know that the CTEPH model is achieved after 6 weeks and Rondelet and colleagues 12 demonstrated that PH is obtained in the shunt model after 12 weeks. To reproduce the chronic state of right ventricular pressure overload, we assessed the models after 20 weeks of evolution. Finally, it would be interesting to have more time points in terms of myocardial CD assessment. But this could VIDEO 1. Dr Pierre-Emmanuel Noly explains the main findings of this study and its importance in the field of pulmonary hypertension disease. Video available at: http://www.jtcvsonline.org/article/S0022-5223(17) 31183-2/fulltext. not be possible without scarring the animals and this kind of protocol would require too many animals.
CONCLUSIONS
The right ventricular adaptative response to CPOS differed between the 2 models. Our results suggest that adaptive right ventricular remodeling to pressure overload is correlated to increased right ventricular CD and a low rate of myocardial fibrosis. The CD to SW ratio could be a promising index to assess right ventricular maladaptation to a pressure overload state. SW could be calculated after right ventricle catheterization. Further studies are needed to explore the correlation between the assessment of the myocardial perfusion with nuclear imaging and the myocardial CD in the right ventricle. A causality relationship cannot be established with our data and the mechanisms underlying these findings remain unknown. Further studies are needed to elucidate the mechanism of right ventricular microvascularization regulation and to determine a mean to calculate the CD to SW ratio applicable to clinical practice.
